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In  this  paper,  flameless  combustion  was  promoted  to  suppress  thermal-NOx  formation  in 
the  hydrogen-high-containing  fuel  combustion.  The  PSRN  model  was  used  to  model  the 
flameless  combustion  in  the  air  for  four  fuels:  H2/CH4  60/40%  (by  volume),  H2/CH4  40/60%, 
H2/CH4  20/80%  and  pure  hydrogen.  The  results  show  that  the  NOx  emissions  below 
30  ppmv  while  CO  emissions  are  under  50  ppmv,  which  are  coincident  with  the  experi¬ 
mental  data  in  the  “clean  flameless  combustion”  regime  for  all  the  four  fuels.  The  simu¬ 
lation  also  reveals  that  CO  decreases  from  48  ppmv  to  nearly  zero  when  the  hydrogen 
composition  varies  from  40%  to  100%,  but  the  NOx  emission  is  not  sensitive  to  the  hydrogen 
composition.  In  the  highly  diluted  case,  the  NOx  and  CO  emissions  do  not  depend  on  the 
entrainment  ratio. 

©  2009  Professor  T.  Nejat  Veziroglu.  Published  by  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Dilemma  of  Energy  crisis  and  pollutant  emission  causes 
serious  social  problems,  which  challenge  the  traditional 
energy  utilization  patterns.  To  solve  these  problems,  a  high 
quality  energy  model  named  hydrogen  energy  is  proposed  to 
replace  the  traditional  one.  By  coal  or  biomass  gasification, 
hydrogen  containing  fuels  (HCFs)  can  be  attained  to  generate 
the  electricity  in  the  fuel  cells  or  to  obtain  the  thermal  energy 
by  direct  combustion  [1].  Because  of  the  high  adiabatic  flame 
temperature  of  the  HCFs,  NOx  emission  may  be  largely 
produced  via  the  thermal-NOx  mechanisms  [2].  Recently, 
a  promising  low  NOx  emissions  technique  is  developed  to 
reduce  the  flame  temperature  and  the  pollutant  formations 
for  HCFs,  in  terms  of  Flameless  Combustion,  FLOX,  MILD 
combustion,  HiTAC  and  Diluted  combustion  [3-7].  Flameless 
combustion  technology  characterizes  strong  internal  flue  gas 
recirculation  by  high-velocity  air  jet  flow  entrainment.  It  could 
reduce  the  flame  temperature  simultaneously  reducing  NOx 
emissions  and  offering  homogeneous  temperature  field. 
While  decreasing  the  residence  time  and  the  oxygen 


concentration  in  the  high  temperature  reaction  zone,  the 
temperature  gradient  and  the  hot  spots  in  the  combustor  are 
suppressed.  Thus  the  thermal-NOx  emissions,  which  are 
mainly  produced  in  the  temperature  above  1500  °C,  can  be 
reduced  to  a  low  level. 

To  realize  the  flameless  combustion  mode,  two  prerequi¬ 
sites  are  suggested  by  Wunning  [3].  First,  the  fuel  and  the 
oxidizer  should  be  preheated  to  a  threshold  temperature 
before  the  reaction  takes  place  or  the  furnace  temperature 
should  be  high  enough.  Second,  sufficient  flue  gas  is  entrained 
into  the  fresh  reactants  prior  to  the  combustion.  Derudi  and 
Villani  [8]  reported  the  T-Kv  diagram  of  the  flameless 
combustion  mode  for  coke  oven  gas  [CHJH2  40/60%  by 
volume)  experimentally.  They  found  that  the  “clean  flameless 
combustion”,  in  which  NOx  is  below  30  ppmv  and  CO  is  below 
50  ppmv,  could  be  achieved  when  the  fuel  and  air  nozzles 
were  specially  designed  to  obtain  the  required  dilution  ratio 
and  jet  velocity  values.  Cavaliere  [4]  discussed  that  the 
flameless  combustion  was  characterized  by  a  volume  reaction 
regime,  which  indicates  the  combustion  can  be  modelled  by 
the  perfect  stirred  reactor  (PSR).  Moreover,  Mancini  et  al.  [9] 
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pointed  out  that  the  error  predictions  of  the  entrainment  were 
responsible  to  the  underprediction  of  the  entrainment  of  the 
burnt  gas  using  a  PSR  model  for  methane  fuel.  They  argued 
that  the  NOx  production  in  the  near-field  of  the  combustor  was 
mostly  caused  by  the  mixing  of  the  burnt  gas  and  incoming 
fresh  reactants.  However,  few  studies  have  been  done  on  the 
simulation  of  flameless  combustion  for  HCFs  in  the  combustor 
of  different  flue  gas  entrainment.  Further  analysis  is  needed  to 
classify  the  key  impact  to  sustain  the  flameless  combustion 
for  the  fuels  of  different  hydrogen  composition. 

In  this  work,  the  flameless  combustion  of  H2/CH4  80%/20% 
by  vol.,  H2/CH4  60/40%  by  vol.,  H2/CH4  40%/60%  by  vol.  and 
pure  hydrogen  in  the  combustor  of  different  flue  gas  recircu¬ 
lation  was  investigated.  Flameless  combustion  for  different 
HCFs/air  was  examined  to  identify  the  effect  of  the  threshold 
values  of  flue  gas  recirculation  and  furnace  temperature.  The 
effect  of  Hydrogen  composition  to  the  production  of  NOx  and 
CO  emissions  was  also  discussed. 


2.  Numerical  model 


To  simulate  the  flameless  combustion  process,  a  series  of  PSR 
model  was  used  in  which  the  flue  gas  entrainment  was 
accounted  for  as  the  additional  variables  inside  the  reactor  [9]. 
The  Chemkin  4.0  code  [10]  was  chosen  to  calculate  the 
temperature  and  relatively  pollutant  formations.  Compared  to 
the  PSRN  model  for  methane,  the  network  of  HCFs-air 
combustion  model  consisted  of  three  PSR  models.  As  shown 
in  Fig.  1,  burnt  gas  generated  in  the  latter  PSR  was  partly 
circulated  into  the  former  one.  The  internal  flue  gas  entrain¬ 
ment  ratio  was  defined  as  the  ratio  of  the  internal  mass  flow 
rate  of  burnt  gas  to  that  of  the  reactants  [3].  In  these  cases,  it 
remained  30%  in  the  fuel  side,  which  was  usually  used  in  the 
calculation  of  the  swirling  or  high  momentum  multi-jet 
combustor.  The  detailed  descriptions  of  the  model  were  listed 
in  Table  1. 

As  shown  in  Fig.  1,  the  recycling  from  PSR3  to  PSR1  was 
introduced  to  represent  the  dilution  of  the  burnt  gas  to  fresh 
fuel.  The  entrainment  Kv  in  the  oxidizer  side  was  simulated 
from  an  additional  inlet.  Diluted  air  was  simulated  here  by  the 
addition  of  the  inert  gas  to  the  reactants  before  the  combus¬ 
tion  takes  place.  For  the  case  in  this  study,  the  entrainment  Kv 
was  calculated  by  the  Equation  (1)  [8].  Nitrogen  instead  of  the 
burnt  gas  was  used  as  the  inert  gas. 
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Fig.  1  -  The  network  of  perfectly  stirred  reactors  for  HCFs. 


Table  1  -  Detailed  parameters  of  the  PSRN  model  for 
different  HCFs. 


Fuel  (%)  Flow  (g/s)  Excess  air  ratio 


H2  CH4  PWfuel  tnai 


40 

60 

0.1596 

17.1051 

1.1 

60 

40 

0.1164 

13.3708 

1.1 

80 

20 

0.0733 

9.6303 

1.1 

100 

0 

0.0301 

6.8058 

1.1 

where  Mi  is  the  mass  flow  of  the  inert  gas,  Ma  is  the  mass  flow 
of  the  air  and  Mf  is  the  mass  flow  of  fuel. 

The  NOx  was  estimated  by  the  well  known  Zel’dovich 
mechanism  with  the  following  steps  [2]: 


n  +  no->n2  +  o 

(2) 

n  +  o2^no  +  o 

(3) 

N+OH^NO+H 

(4) 

3.  Results  and  discussion 

3.1.  Flameless  combustion  for  HCFs 

In  Fig.  2,  A  T-Kv  diagram  for  both  HCFs  and  hydrocarbon  fuels 
was  displayed.  It  presented  the  transition  path  from  conven¬ 
tional  flame  to  the  flameless  mode.  The  realization  of  flame¬ 
less  combustion  was  summarized  as  follows  [11]: 

Zone  A.  To  prevent  the  reaction  from  quenching,  a  preheating 
section  or  a  heat-up  step  is  first  provided  in  the  flameless 
combustor.  The  furnace  temperature  is  lifted  to  the  values 
above  the  auto-ignition  temperature  of  the  fuels  (more  than 
1000  K)  by  the  classical  flame.  Because  of  the  low  jet  velocity  to 
maintain  the  conventional  flame  front,  the  jet  entrainment  is 
kept  to  a  low  Kv  level. 

Zone  B.  When  the  furnace  temperature  is  high  enough,  Kv  is 
elevated  by  increasing  the  jet  velocity  of  the  reactants.  As 
a  result,  the  local  oxygen  concentration  in  the  oxidizer  side 
decreases  and  the  jet  momentum  in  the  fuel  side  increases. 
These  lead  the  flame  to  be  less  visible  and  the  average 
temperature  of  the  furnace  falls. 

Zone  C.  The  incoming  air  entrains  much  burnt  gas  before  it 
reacts  with  the  fuel.  So  that  the  visible  flame  disappeared  and 
the  reaction  region  extends  to  the  further  downstream  zone  of 
the  combustor.  The  high  Kv  benefits  the  formation  of  the  high 
temperature  and  low  oxygen  environments.  But  in  the  case 
which  Kv  is  larger  than  19  the  clean  flameless  combustion 
mode  can’t  be  sustained,  especially  for  the  coke  oven  gas  [8]. 
Zone  D.  The  furnace  temperature  is  reduced  to  a  critical  value 
by  the  outer  cooling  or  intense  heat  transfer  in  the  combustor. 
Thus  the  reaction  will  be  extinguished  because  of  the 
temperature  drop  in  the  furnace.  For  methane  fuels,  the 
threshold  temperature  is  often  below  1300  K,  and  for  coke 
oven  gas  (H2/CH4  60/40%  by  vol.)  the  limit  can  be  shifted  to 
about  1180  K. 
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Recirculation  radito.Kv 

Fig.  2  -  Schematic  T-Kv  diagram  for  the  transition  of 
traditional  flame  to  flameless  combustion  [2,3]:  A, 
conventional  flame;  B,  transition;  C,  flameless  combustion; 
D,  no  reaction. 
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Fig.  3  -  Peak  temperature,  diluted  temperature  in  the  fuel 
and  oxidizer  sides  for  different  HCFs  at  Kv  =  5. 


In  order  to  avoid  the  formation  of  the  flame  front,  high  jet 
momentum  is  adopted  to  make  sure  the  jet  velocity  is  larger 
than  the  flame  propagation  speed,  below  which  the  traditional 
flame  can  stabilize  in  the  front  of  the  burner.  However,  the 
addition  of  hydrogen  gives  a  wider  flame  stability  range,  and 
the  laminar  flame  propagation  speed  increases  six  times  with 
respect  to  the  methane/air  flame  [12].  That  means  higher  jet 
velocity  is  required  when  the  fuel  is  supplied  from  a  single 
nozzle  at  the  constant  heat  input. 

3.2.  Effect  of  hydrogen  composition  on  the  temperature 

In  the  traditional  combustion  mode,  the  addition  of  hydrogen 
will  increase  the  adiabatic  flame  temperature.  On  the  other 
hand,  in  the  flameless  combustion  mode  the  threshold 
temperature  and  the  proper  energy  and  mass  recirculation 
must  be  satisfied.  As  indicated  in  Fig.  3,  the  peak  temperature, 
the  diluted  temperature  in  the  fuel  and  oxidizer  side  for 
different  HCFs  at  Kv  =  5  are  reported,  respectively.  In  the  fuel 
side,  the  reactant  temperature  is  elevated  to  more  than  1200  K 
by  30%  of  the  burnt  gas  recirculation  from  the  PSR3.  And  in  the 
oxidizer  side,  the  temperature  in  the  outlet  of  PSR2  increases 
about  10  K.  It  is  noteworthy  that  the  high  hydrogen  compo¬ 
sition  results  in  the  high  temperature  increase  in  the  fuel  side. 
But  the  temperature  increased  by  the  reaction  between  the 
diluted  fuel  and  air  or  CH4/H2  40%/60%  is  relatively  smaller 
than  the  other  fuels.  This  may  be  determined  by  the  high 
temperature  increase  of  the  entrainment  of  the  burnt  gas  into 
the  fuels. 

3.3.  Effect  of  hydrogen  composition  on  the  CO  production 
and  NOx  formation 

The  tendency  of  NOx  and  CO  emissions  varied  with  the 
hydrogen  composition  is  shown  in  Fig.  4.  The  results  show 
that  NOx  emission  for  all  four  cases  is  below  20  ppmv,  and  CO 
produced  by  the  reaction  of  the  HCFs  and  air  decreases  rapidly 
by  increasing  the  hydrogen  content.  It  changes  from  45  ppmv 


to  nearly  zero  when  the  hydrogen  composition  varies  from 
40%  to  100%.  These  results  also  demonstrated  that  CO  emis¬ 
sion  responses  sensitively  to  the  hydrogen  amount  in  the 
HCFs,  corresponding  to  the  experimental  data  in  “clean 
flameless  combustion”  mode  reported  by  Derudi  and  Villani  [8]. 

Note  that  the  NOx  emission  simulated  in  all  the  case  is 
similar.  It  suggests  in  the  flameless  mode  the  NOx  emission  is 
less  dependent  to  the  hydrogen  content  of  HCFs.  As  shown  in 
Fig.  3,  the  NOx  production  in  PSR2  is  slightly  higher  than  that 
after  PSR3.  It  also  illustrates  that  most  of  NOx  emission  is 
generated  in  the  reaction  of  the  diluted  fuel  and  air.  Because  of 
the  decrease  of  NOx  product,  a  reburning  process  may  occur  in 
the  diluted  process  of  the  burnt  gas  and  the  fresh  fuel. 

3.4.  Effect  of  the  entrainment  ratio  on  the  temperature 
and  pollution  formation 

To  explain  the  formation  of  the  flameless  combustion,  the 
temperature  and  related  pollutants  are  shown  in  Fig.  5.  This 
figure  shows  the  temperature  distribution  as  well  as  the  NOx 


Fig.  4  -  Variation  of  the  NOx  and  CO  emissions  for  different 
HCFs  at  Kv  =  5. 
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Fig.  5  -  NOx,  CO  production  and  temperature  profile  at 
different  entrainment  ratio  for  CH4/H2  60%/40%. 


and  CO  emissions  when  the  entrainment  ratio  increases. 
Although  the  temperature  of  diluted  air  increases  from  1123  K 
to  1223  K  when  the  entrainment  ratio  varies  from  10  to  20,  the 
temperature  calculated  by  PSR3  almost  remains  constant. 
That  means  the  high  entrainment  of  the  inert  gas  can  elimi¬ 
nate  the  effect  of  minor  increase  of  diluted  air.  The  CO  and 
NOx  concentrations  do  not  differ  greatly  from  the  level  in  the 
“clean  flameless  combustion”  mode.  Little  change  is  observed 
in  the  CO  and  NOx  emissions  when  the  entrainment  ratio 
increases.  It  suggests  that  the  pollutant  does  not  depend  on 
the  entrainment  ratio  in  the  high  diluted  case.  Compared  to 
the  experimental  results  reported  in  the  references  [13,14],  the 
temperature  simulated  agrees  well  with  those  obtained  from 
the  experiment,  which  is  in  the  threshold  of  1123-1353  K.  And 
the  CO  and  NOx  emissions  correspond  to  “the  clean  flameless 
combustion”  regime  mentioned  above. 


4.  Conclusion 

Flameless  combustion  for  hydrogen  containing  fuels  is 
investigated  by  the  simulation  of  the  reaction  between  the 
diluted  fuel  and  air.  The  main  results  are  as  follows: 

Different  hydrogen  containing  fuels  can  work  in  the  “clean 
flameless  combustion”  mode,  proven  by  the  experimental 
data  and  numerical  simulation  of  PSRN  model.  Above  the 
required  threshold  temperature  and  entrainment  ratio, 
flameless  combustion  can  be  sustained. 

For  the  fuels  with  more  hydrogen  contents,  higher  peak 
temperature  can  be  obtained  in  the  flameless  combustion 
process.  In  the  case,  both  the  NOx  and  CO  emissions 


calculated  by  the  PSRN  model  are  similar  to  the  experimental 
data,  corresponding  to  the  clean  flameless  combustion  mode. 

The  pollutant  formations  are  extremely  low  in  the  flame¬ 
less  combustion  condition  for  all  the  fuels  studied.  In  the 
flameless  combustion  mode,  the  CO  emission  decreases  by 
increasing  the  hydrogen  contents  in  HCFs,  but  the  NOx  emis¬ 
sions  are  not  sensitive  to  the  hydrogen  composition  of  the 
HCFs  when  the  furnace  temperature  and  dilution  are  kept 
constant.  Further  analysis  reveals  that  in  the  highly  diluted 
case,  the  NOx  and  CO  emissions  do  not  depend  on  the 
entrainment  ratio. 
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